ABSTRACT: Although most polymer/fullerene-based solar cells are cast from a blend of the components in solution, it is also possible to sequentially process the polymer and fullerene layers from quasi-orthogonal solvents. Sequential processing (SqP) not only produces photovoltaic devices with efficiencies comparable to the more traditional bulk heterojunction (BHJ) solar cells produced by blend casting (BC) but also offers the advantage that the polymer and fullerene layers can be optimized separately. In this paper, we explore the morphology produced when sequentially processing polymer/ fullerene solar cells and compare it to the BC morphology. We find that increasing polymer regioregularity leads to the opposite effect in SqP and BC BHJ solar cells. We start by constructing a series of SqP and BC solar cells using different types of poly(3-hexylthiophene) (P3HT) that vary in regioregulary and polydispersity combined with [6,6]-phenyl-C 61 -butyric-acid-methyl-ester (PCBM). We use grazing incidence wideangle X-ray scattering to demonstrate how strongly changes in the P3HT and PCBM crystallinity upon thermal annealing of SqP and BC BHJ films depend on polymer regioregularity. For SqP devices, low regioregularity P3HT films that possess more amorphous regions allow for more PCBM crystallite growth and thus show better photovoltaic device efficiency. On the other hand, highly regioregular P3HT leads to a more favorable morphology and better device efficiency for BC BHJ films. Comparing the photovoltaic performance and structural characterization indicates that the mechanisms controlling morphology in the active layers are fundamentally different for BHJs formed via SqP and BC. Most importantly, we find that nanoscale morphology in both SqP and BC BHJs can be systematically controlled by tuning the amorphous fraction of polymer in the active layer.
I. INTRODUCTION
In recent years, dramatic progress has been made in the field of organic photovoltaics (OPVs), 1,2 resulting in power conversion efficiencies (PCEs) of polymer/fullerene devices surpassing 10%. 3−6 This achievement is based mostly on traditional blendcast (BC) bulk heterojunctions (BHJs), 7 in which an electrondonating polymer and electron-accepting fullerene are mixed together in a solution that is used to cast the active layer of the organic solar cell. The resulting film is then typically thermally or solvent annealed to promote phase separation of the polymer and fullerene, resulting in a conductive network for both electrons and holes as well as intermixed regions where a majority of charge separation occurs. 8−17 The morphology of BC BHJ films is dictated by multiple factors, including the donor/acceptor miscibility, the propensity of one or both materials to crystallize, 16,18−21 the relative solubilities of the two materials in the casting solution, the drying kinetics of the film, the presence of any solvent additives, 22−26 etc. Because the nmscale morphology depends on so many of the details of how the film is cast, the device performance of BC BHJ solar cells is hypersensitive to the processing kinetics of the active layer. 7 Thus, for any new set of OPV materials, an Edisonian approach involving the fabrication of hundreds of BC devices is needed to find the processing conditions that lead to the optimal morphology and best device performance. An alternative approach to preparing polymer/fullerene active layers for photovoltaic applications has been to sequentially process the polymer and fullerene components in separate steps by depositing the materials from quasiorthogonal solvents. 27 This sequential processing (SqP) technique has been studied by several groups in both polymer−fullerene 28−36 and small molecule−fullerene sys-tems. 37 It is well established that, even though the fullerene is deposited on top of the polymer layer, the resultant film still has a significant amount of fullerene dispersed through the polymer layer, 38 particularly after thermal annealing. 39−41 Not only are the PCEs of devices fabricated via SqP comparable to or better than the more traditional BC devices 36,37,42−48 but the SqP method also provides several distinct advantages that could make it the preferred route for large-scale fabrication of polymer-based photovoltaics. First, films produced via SqP have a more reproducible morphology because SqP does not rely on kinetic control of the nm-scale structure, resulting in devices that behave more consistently (cf. Figure 1, below) . 27, 42, 49 Second, since the two materials are deposited separately, one can optimize or otherwise deliberately alter the donor material (e.g., by chemical doping) either before 50−52 or after 53 it has been processed, without unwanted chemistry occurring with the electron-accepting material. Third, sequentially processed films are guaranteed to have a fullerene network that is connected to the top of the film, avoiding issues with undesirable vertical phase separation that necessitate the use of an inverted device geometry. Finally, many solubility issues can be bypassed since one can separately choose optimal solvents for the donor and acceptor materials. 37, 54 Thus, the SqP technique potentially opens the photovoltaic field to a variety of donor and acceptor materials that once were not usable due to compatibility issues between solvents and materials.
Although it is clear that the BHJ morphology of films produced via SqP is generally similar to that of BC films in that the fullerene is dispersed throughout the polymer, a variety of experiments have suggested that the details of the nm-scale distribution of the polymer and fullerene differ between the two processing techniques. For example, ultrafast spectroscopic studies have shown that the dynamics of exciton quenching and polaron production are different in optically matched sequentially processed and BC films made from the workhorse materials poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric-acid-methyl-ester (PCBM). 55 Moreover, nominally matched sequentially processed and BC photovoltaic devices show different behaviors upon thermal annealing. 42, 48, 49, 56 Thus, the most important issues concerning solar cells fabricated via SqP are precisely how the nm-scale morphology is different from that in BC films and what factors control the extent and distribution of fullerene interpenetration into the polymer underlayer.
In this paper, we work to build an understanding of the fullerene distribution in P3HT/PCBM BHJ solar cells produced via both SqP and blend-casting. Our approach is to take advantage of a series of P3HTs with a narrow molecular weight distribution and precisely controlled regioregularity that allow us to explore how changing specific attributes of the polymer leads to differences in both the BHJ architecture and in the PV performance of sequentially procssed and BC devices. It is well-known that polymer regioregularity and polydispersity index (PDI) can have dramatic effects on the photovoltaic performance of BC BHJs, 57−63 and here we extend these studies to sequentially processed devices, focusing in particular on how regioregularity affects the morphology and device performance of thermally annealed P3HT/PCBM active layers. In agreement with previous suggestions, we first find that PCBM deposited by sequential processing preferentially penetrates into the amorphous regions of the P3HT underlayer, leaving the crystalline regions of the polymer essentially intact. 40, 56 We then show that too much polymer crystallinity is actually unfavorable for SqP photovoltaic devices because too little fullerene can penetrate around the crystallites, leading to over-phase separation of the polymer and fullerene. In contrast, BC devices show the opposite behavior: highly regioregular (and thus more crystalline) P3HT provides better efficiencies than BC devices made from lower regioregularity P3HTs. We thus conclude that sequentially processed and BC BHJ devices require different materials properties to achieve formation of their ideal active layer morphologies.
II. EXPERIMENTAL SECTION
The key feature underpinning this work is the successful synthesis of P3HT with well-defined regioregularity and extremely narrow PDI. 64 In what is described below, we compare the behavior of three different batches of P3HT: commercial P3HT purchased from Rieke Metal Inc. (BASF Sepiolid P100), which we denote as LR P3HT, and two inhouse batches synthesized with 98% regioregularity and average molecular weights of about 16 kDa (PDI = 1.18) and 37 kDa (PDI = 1.19), denoted as HR P3HTs, where LR and HR stand for low regioregularity and high regioregularity, respectively. The full characteristics of the three batches we focus on here are summarized in Table 1 . Additional details about polymer batch information and our in-house batch purification procedures, as well as a high regioregularity 50 kDa in-housesynthesized batch, can be found in the Supporting Information (SI).
For measurements of the optical properties and for structural characterization of our BHJ films, we prepared a series of sequentially processed active layers by first spinning a ∼110 nm thick layer of P3HT from o-dichlorobenzene, and then we subsequently deposited PCBM layers from either 5%, 10% or 15% weight/volume dichloromethane solutions on top by spincoating, leading to P3HT/PCBM films with a total thickness in the range of 155 to 185 nm. We then prepared BC active layers (∼175 nm thick) by spinning a composite P3HT:PCBM (1:0.9 weight ratio) solution from o-dichlorobenzene at 1000 rpm for 60 s. Identical active layers were used to fabricate photovoltaic devices with Ca/Al evaporated on top as the cathode.
We note that no slow drying of solvent or solvent vapor treatments were performed on either the sequentially processed or BC devices, even though such treatments are necessary to optimize the PCE for the P3HT/PCBM materials combination. Instead, we chose our spin-coating parameters to provide us with completely dry films after spinning. We made this choice to eliminate drying kinetics, which can cause marked variations in the performance of BC devices. 42, 65 In this way, we were able to maintain our focus on how polymer properties such as regioregularity and molecular weight control variations in morphology and device performance. The detailed procedures of our film and device fabrication and characterization also can be found in the SI.
III. RESULTS AND DISCUSSION
In this section, we begin by discussing the hole mobility of the three polymer batches we investigate in this work (Table 1) . Although we find that polymer regioregularity and molecular weight do slightly affect hole transport, the differences we observe are subtle, suggesting that BHJ morphology is a much larger factor in determining device performance than the raw hole mobility of the bare polymer. We then use these different polymer batches to fabricate SqP and BC solar cells and demonstrate that polymer regioregularity has the opposite effect for the two different processing techniques in terms of photovoltaic device efficiency. This result can be understood through a series of morphological studies, including thin film absorption, fluorescence quenching, and grazing incidence wide-angle X-ray scattering measurements, which allow us to directly explore the structural changes that occur upon thermal annealing and to define the optimal conditions needed to create ideal morphologies for BC and SqP solar cells.
A. Device Physics of BC and SqP Solar Cells Made from Different P3HTs. 1. Hole Mobility of Different P3HTs. Many groups have examined how the mobilities of P3HT films are controlled by different polymer properties, such as the regioregularity and/or molecular weight. 58,59,66−70 The generally accepted trend is that increasing regioregularity and increasing molecular weight lead to higher charge carrier mobilities, 68 although most such measurements are made on field-effect transistors (FETs). 71 Since the direction of charge transport for photovoltaic devices is perpendicular to that in FETs, we chose to examine the carrier mobilities in our P3HT batches in sandwich-structure devices so that our measurements would be directly relevant for the performance of these materials in solar cells.
We fabricated diodes from each batch of P3HT using an architecture of ITO/PEDOT:PSS/P3HT/Au to ensure that the majority carriers in the device are holes. We then fit the corresponding dark J−V curves using the space-charge limited current (SCLC) model, yielding the mobilities listed in Table 1 (details of the device fabrication, diode performance, and SCLC fitting procedure are given in the SI). The 16k HR P3HT shows the highest hole mobility, a bit over twice that of the LR P3HT, which has a molecular weight of roughly 50 kDa. Surprisingly, the 37k HR P3HT shows the lowest mobility, even though it has the same regioregularity as the 16k HR batch but a higher molecular weight. These results indicate that P3HT hole mobility has a complex dependence on both regioregularity and molecular weight. We note, however, that the hole mobilities for all three P3HT batches all fall within a factor of 2.6. This suggests that when these different P3HTs are employed in photovoltaic devices, all else being equal, differences in hole mobility are not likely to explain any significant difference in device performance. This allows us to use these batches to understand how differences in regioregularity and molecular weight result in morphology differences that affect solar cell performance and how these differences depend on the processing route chosen to make the BHJ active layer.
2. Comparing the Performance of SqP and BC Devices with Controlled P3HT Regioregularity and Fullerene Composition. To determine the effect of polymer regioregularity/crystallinity on the performance of the solar cells with different active-layer processing methods, we constructed working photovoltaic devices with both SqP and BC active layers from both the 16k HR P3HT and LR P3HT batches. Figure 1 demonstrates the J−V characteristics of the devices under AM 1.5 solar illumination; the data plotted are the average J−V curves from at least 12 separate devices, and the error bars (which in some cases are smaller than the symbols used to plot the data) are ±1 standard deviation. The full J−V characteristics for all the devices we studied are detailed in Table 2 . The data show clearly that, even though SqP devices require one more spin-coating step than BC devices, SqP devices can be fabricated far more reproducibly. This is because SqP avoids the kinetic sensitivity of the BHJ morphology that is inherent with BC processing. 42 The most interesting result from Figure 1 is the fact that the two P3HT batches show opposite performance trends, depending on the processing method used to make the devices. The SqP solar cells made with LR P3HT show J−V characteristics similar to those published previously, 27 with average open circuit voltage V oc = 0.68 V, short circuit current
, fill factor FF = 56% and PCE = 2.9%. The HR P3HT batch, however, makes poorer SqP devices with J sc values of only ∼5.1 mA cm −2 , and PCE of only ∼1.4%. In contrast, the HR P3HT:PCBM BC devices have a significantly higher J sc and ∼40% higher PCE compared to the BC devices fabricated with LR P3HT. Thus, the way polymer regioregularity/crystallinity affects device performance is not a simple material property, but instead depends on the route via which the active BHJ layer is processed.
To understand why changing the polymer regioregularity leads to opposite changes in performance for SqP and BC devices, we performed a series of control experiments to verify that the performance changes we observed did not result from changes in the polymer molecular weight or the polymer fullerene composition of the active layer. Figure 2 and Table 2 summarize the J−V characteristics of SqP solar cells made from the 16k HR P3HT (green triangles) and LR P3HT (blue squares), as well as the 37k HR P3HT (violet squares). The inhouse synthesized 37k HR P3HT batch has the same high regioregularity and low PDI as the 16k HR P3HT, but a molecular weight closer to that of the commercial LR P3HT. The V oc and FF of the 37k HR batch are similar to the 16k HR P3HT, but the overall PCE is higher, mainly due to increased J sc . However, even though increasing the molecular weight improves the device performance, we see that the LR P3HT still shows superior performance for devices fabricated by SqP. Thus, for SqP devices, the overall performance is governed more by the degree of P3HT regioregularity than the polymer molecular weight.
In addition to polymer regioregularity, the performance of OPVs also depends sensitively on the overall polymer:fullerene composition, 43, 72 a factor that is directly controlled using the ratio of polymer to fullerene in the casting solution in BC processing. In SqP, by contrast, the composition is indirectly controlled by the relative solution concentrations and spin speeds used to deposit each component of the active layer. Figure 2 thus illustrates the change in SqP solar cell performance with different polymer:fullerene compositions. In these experiments, we fixed the thickness of the P3HT underlayer and increased the concentration of the PCBM solution spun on top. We find that, with increasing fullerene loading in SqP active layer, the LR P3HT-based devices show only slight variations in J sc , with an optimal polymer/fullerene composition obtained when the PCBM overlayer is spun from a 10 mg/mL solution. 27 In contrast, the performance of the SqP devices based on HR P3HT continually decreases with increased PCBM loading. Thus, not only does increased P3HT regioregularity lead to poorer SqP device performance, the results also imply that the introduction of extra fullerene cannot be accommodated in preformed high-RR P3HT underlayers.
We also have performed identical experiments exploring the changes in device performance for different batches of P3HT with different fullerene compositions for BC devices. Since similar studies have been published previously in the literature, 72−74 our results are shown in the SI. We find, in agreement with the literature, that increased P3HT regioregularity is beneficial to BC device performance. Surprisingly, however, we find that, for BC devices made from the 16k HR P3HT, the optimal P3HT:PCBM weight ratio is 1:1.3, significantly higher than the 1:0.9 optimal ratio typically seen in the literature (with lower regioregular, commercially available P3HT). Thus, for the HR-P3HT, the trend in fullerene loading for optimal BC devices also goes in the opposite direction as that for SqP devices.
3. Effects of Polymer Regioregularity on BC and SqP Device Physics. To begin our exploration of why polymer regioregularity has opposite effects on solar cells fabricated via BC and SqP, we measured the dark J−V curves of the SqP and BC solar cells discussed above; the results are summarized in Figure 3 and Table 2 .
Perhaps the most interesting parameter to consider for purposes of this study is the dark ideality factor. Typically the dark ideality factor falls into the range between 1 and 2, although numbers outside this range have been reported mainly due to resistivity effects. 75, 76 Within the range of 1 and 2, a larger ideality factor is considered as a strong indication of increased trap-assisted recombination in the device, whereas lower ideality factors are more reflective of bimolecular recombination. 77−79 We derived the ideality factors for our SqP and BC devices in Table 2 from the slope of the linear regions in Figure 3 ; we find that the ideality factors mirror the trends in device performance. For SqP devices with a given fullerene concentration, the ideality factors for devices based on LR P3HT are consistently lower than those fabricated with HR P3HTs. For BC devices, the opposite is true: the HR P3HT-based devices exhibit lower ideality factors than the LR P3HT-based devices. This implies that the polymer/fullerene interfacial trap distribution is quite different for the different BHJ morphologies formed through the two processing techniques.
Based on the data presented above and the structural data presented below, we offer the following picture for the changes in device physics with polymer regioregularity. Low P3HT regioregularity typically leads to more amorphous regions in BHJ films made from the traditional blend-casting method. Since there are fewer crystalline polymer regions and more structural disorder, there is a greater degree of trap-assisted recombination. In contrast, increasing the polymer regioregularity in SqP devices causes the ideality factor to increase no matter what fullerene loading is used. This suggests that preexisting P3HT underlayers can support only a certain amount of PCBM, an amount presumably limited by the fraction of the polymer that lies within amorphous regions. Thus, increasing the polymer regioregularity decreases the available space for fullerene intercalation, so that increased regioregularity leads to poorer device performance. If one tries to compensate for this by increasing the fullerene concentration in SqP devices, largescale phase separation of the fullerene from the highly crystalline polymer network occurs (see SI), leading to an increase in the fraction of structural traps and thus trap-assisted recombination, as seen with the increased ideality factor.
Finally, we note that the devices made with different batches of P3HT also have slightly different V oc 's. The trend that V oc is lower in both SqP and BC devices with HR P3HT correlates with the concomitant red-shift of the absorption spectrum, described further below. This red-shift results from the fact that the highest occupied molecular orbital (HOMO) increases slightly in energy with increasing regioregularity of P3HT because of enhanced delocalization. 80, 81 It is also known that increasing the amount of trap-assisted recombination can result in decreased V oc , particularly for devices with carrier mobilities similar to those used here. 82 Since we indeed find that HR P3HT shows more trap-assisted recombination in the SqP devices but less in BC devices, this can help us explain the fact that the V oc decrease observed in BC devices (0.06 V) is smaller than that seen in SqP devices (>0.1 V): the recombination effect goes in the same direction as the HOMO level effect in determining V oc for the SqP devices while the two effects partially compensate in BC devices.
B. Understanding How P3HT Crystallinity Affects the BHJ Architecture for SqP and BC OPVs. Now that we have shown that polymer regioregularity causes opposite effects in SqP and BC photovoltaic device performance, we turn in this section to study how regioregularity affects the active layer morphology in both SqP and BC films. To this end, we perform thin-film absorption, fluorescence quenching, and grazing incidence wide-angle X-ray scattering (GIWAXS) to examine differences in the active layer morphologies formed via SqP and BC.
1. UV−vis and PL of SqP and BC Active Layers with Different P3HT Regioregularities. Figure 4 shows the UV− visible absorption spectra of pure P3HT films from each of the different polymer batches as well as spectra of all of the SqP and BC active layers discussed above. The spectra of the pure LR P3HT (dashed curve) is shifted to the blue by about 13 nm compared to the HR P3HT (solid and dash-dotted curve), and the relative intensity of the vibronic peaks is also different. Both Spano 83, 84 and others 85−87 have shown that the ratio of the intensity of the 0−0 peak (A 0−0 ) to the 0−1 peak (A 0−1 ) is directly related to the intermolecular coupling and thus the crystallinity of P3HT. For our polymer batches, we observe higher A 0−0 /A 0−1 ratios for the 37k and 16k HR P3HT than for the LR P3HT, indicating higher crystallinity in the HR P3HT films. The slight decrease of A 0−0 /A 0−1 for the 37k HR P3HT sample compared to the 16k sample indicates the crystallinity of the polymers is slightly affected by their molecular weights. Despite this, the data suggest the polymer regioregularity is the most important factor in determining the film crystallinity.
The symbols in Figure 4a −c show the absorption spectra of the same P3HT films after sequential deposition of a PCBM overlayer and subsequent thermal annealing at 150°C for 20 min. We find that for all three P3HT batches, the SqP film absorption is nearly identical to that of the pure polymer, indicating that the fullerene incorporated into the film through sequential processing induces little disruption to the crystalline polymer domains.
The band seen near 340 nm in the BHJ films in Figure 4 arises primarily from the absorption of PCBM, although there is some residual absorption of P3HT at this wavelength. Since the pure P3HT absorption at 340 nm is nearly identical for all three polymer batches, we can use the 340 nm peak intensity to roughly evaluate the PCBM content in each of the SqP films (but see ref 42) . For SqP films with the PCBM overlayer cast from a 5 mg/mL solution, the fullerene content of the films is quite similar, suggesting that any of the underlayer films can accommodate the relatively modest amount of fullerene provided by the dilute solution. For SqP active layers produced using more concentrated PCBM solutions, however, the HR P3HT samples show much weaker fullerene absorption than LR P3HT sample. This confirms that higher crystallinity polymers are less able to incorporate fullerene during SqP; if there are fewer amorphous regions into which PCBM can penetrate into the bulk of the film, more of the fullerene is likely to simply spin off during deposition of the overlayer. In the SI, we show optical micrographs of these films whose absorption spectra are shown in Figure 4 ; the films made from HR P3HT batches with high PCBM concentrations spun on top show fullerene aggregates/crystals at the μm-length scale, consistent with the idea that sequentially processed high crystallinity films cannot accommodate significant fullerene loadings.
Unlike the sequentially processed films, whose absorption spectra do not change upon the addition of fullerene, the vibronic features in the absorption spectra of P3HT:PCBM BC films (Figure 4d ) are strongly altered by the presence of fullerene. For the LR P3HT flim, the vibronic peaks have a dramatcially decreased intensity relative to the pristine P3HT, even after 20 min of thermal annealing at 150°C. This suggests for LR P3HT, the presence of fullerene hinders the crystallization of P3HT during both the spin-coating and thermal annealing processes. In the case of the HR P3HT:PCBM BC films, although the A 0−1 /A 0−0 ratio does not remain constant as observed in the seqentially processed films, it does not decrease as strongly as in the LR P3HT:PCBM BC BHJ films. Thus, this data suggests that even in BC films, the inherent crystallinity of HR P3HT can be better retained than that of LR P3HT.
In addition to UV−visible spectroscopy, we also performed a series of photoluminescence (PL) quenching experiments of SqP and BC P3HT:PCBM films made from the different polymer batches, the results of which are shown in Figure 5 .
The PL spectra of the pure P3HT polymer films are similar, with only slight differences in the relative height of the 0−0 peak near 650 nm that reflect the changes in intermolecular coupling with the degree of polymer crystallinity, 83 in agreement with the UV−visible data in Figure 4 . Overall, the trends observed in BC and SqP films are very similar. HR samples show less PL quenching in all cases compared to LR samples, a result that indicates that the equilibrium (i.e., postannealing) extent of polymer−fullerene mixing at the molecular scales is driven primarily by polymer regioregularity and not by the processing method. This result is particularly interesting in light of the facts that HR material produces the best BC devices while LR material gives SqP devices with the highest efficiency. The results thus emphasize how the same level of atomic-scale mixing must be accompanied by very different nanoscale architectures using the two different processing methods. For a separation-based process like BC, strong separation appears to drive the formation of an optimized nanoscale architecture. By contrast, for a mixing-based process like SqP, a strong driving force for mixing is needed to create that same ideal architecture.
2. Morphology of SqP and BC Films with Different Batches of P3HT Measured by X-ray Diffraction. To directly investigate how changes in the P3HT regioregularity affect the polymer and fullerene crystallinity for the different processing routes used to make BHJs, we performed a series of two-dimensional (2-D) grazing incidence wide-angle X-ray scattering (GIWAXS) measurements. For these experiments, we used all the same processing methods described above but Figure 4d ). The measured PL intensities were divided by each film's optical density at 530 nm, the excitation wavelength used in this experiment, and then normalized to the highest PL value (that of the pure 16k HR P3HT film) to best illustrate the extent of PL quenching in the different samples.
The Journal of Physical Chemistry C instead spun the active layer materials onto silicon substrates. Our GIWAXS measurements were performed at the Stanford Synchrotron Radiation Light Source on beamline 11−3 using a wavelength of 0.9742 Å. We should note that the absolute diffraction intensities cannot be compared between SqP and BC data sets because of different beam intensities during separate experimental runs; the relative intensities for a single processing method, however, can be meaningfully compared within each set. Below, we show only radially integrated scattering data; the full 2-D GIWAXS diffraction patterns are given in the SI. The results from our GIWAXS measurement are summarized in Figure 6 and Table 3. 2.1. Polymer Diffraction in SqP Samples. We begin our discussion by examining the P3HT (200) , which arise from P3HT lamellar interchain stacking. The (200) peak is mostly distributed in the out-of-plane direction due to the dominant "edge-on" orientation of the P3HT chains relative to the substrate (see SI). For the as-cast SqP films (dashed curves), the integrated (200) peak area of the 16k HR P3HT is more than six times higher than that of the LR P3HT. The peak center of the HR P3HT is also positioned at higher Q than that of LR P3HT, which indicates more compact lamellar stacking for the HR P3HT. We note that in polymeric systems, the broadening of X-ray scattering peaks results from disorder in the polymer domains, rather than from the finite size of crystallites as seen in crystalline materials. 16, 88, 89 Thus, the fwhm or coherence lengths reported here are those derived from the Scherrer equation, even though the size of the crystalline polymer domains are likely smaller. In Table 3 , the two P3HT batches show similar fwhm for the (200) peaks. From this data, we conclude that a larger fraction of the as-cast HR P3HT-based SqP samples is crystalline, but the crystallites in both films have similar coherence lengths. The HR samples also show closer packing than the LR P3HT-based samples, a fact that likely arises from increased ordering of the hexyl tails in the HR films.
The literature suggests that thermal annealing of SqP films serves the dual roles of facilitating fullerene diffusion into the polymer underlayer and helping to further crystallize amorphous polymer domains. 41, 90 Indeed, the solid curves in a The full width at half-maximum (fwhm) is inversely proportional to the coherence length, which is an estimate of the length over which the ordered crystalline packing is maintained.
The Journal of Physical Chemistry C Figure 6a show that, for both batches of P3HT, annealing causes the (200) peaks to become sharper, indicating the formation of more ordered P3HT domains with larger structural coherence lengths. The change in the intensity of the (200) peak area upon thermal annealing, however, is quite different for the different SqP P3HT batches. For the LR P3HT, annealing increases the peak area by over a factor of 3, a result similar to previous studies on BC devices. Surprisingly, the peak area for the HR P3HT actually decreases upon thermal annealing, indicating that annealing this particular polymer/fullerene blend makes the film less crystalline. Further investigation reveals that unlike the LR P3HT, where annealing causes essentially no shift of the (200) peak, the HR P3HT (200) peak center shifts slightly toward lower Q, indicating the d-spacing between the lamellar planes becomes larger after annealing. This likely results from a small amount of PCBM diffusing into the P3HT crystallites.
We next turn to investigate the trends of the (010) peak, which corresponds to the polymer π−π stacking direction and is therefore important for charge delocalization and transport. We find that the same general trends with polymer regioregularity and thermal annealing observed for the (200) peak also hold in the (010) direction for our SqP films. For the LR P3HT, however, the increase in (010) peak area upon annealing is less dramatic than that observed for the (200) peak, but the decrease in (010) peak width upon annealing is greater. These data thus indicate that in the (010) direction, thermal annealing predominantly affects the crystalline coherence length, likely from improvements in π−π stacking upon annealing. For the HR SqP P3HT samples, we saw that the diffraction peaks decrease in intensity upon thermal annealing and that the decrease of the (010) peak area is slightly greater than the decrease seen in the (200) direction. Overall, the change in both peak width and peak area are qualitatively similar for the (010) and (200) peaks, suggesting that for SqP samples made with HR P3HT, diffusion of PCBM into the film reduces the extent of crystallinity in a fairly isotropic manner, likely by creating amorphous polymer regions where the fullerene can reside. This is in contrast to the LR samples, where annealing of paracrystalline disorder and fullerene diffusion are coupled in a more complex manner.
Clearly, the most significant difference between the two batches of SqP P3HT films is the total amount of amorphous polymer. We believe that a certain amorphous fraction is necessary for the PCBM to penetrate into sequentially processed films. Even though the HR P3HT starts out highly crystalline with few amorphous regions, the thermally induced mixing that drives PCBM into the polymer underlayer actually disrupts the P3HT network by creating additional amorphous regions upon incorporation. This produces the surprising result of a polymer/fullerene sample that becomes less crystalline upon annealing.
2.2. Polymer Diffraction in BC Samples. In as-cast BC films, the BHJ is formed with the presence of both the polymer and the fullerene, leading to a different morphology than the case of SqP. Based on shifts in diffraction peaks, we find that there is more PCBM intercalation into the BC P3HT network in both the (200) and (010) directions for as-cast BC films relative to SqP films. After thermal annealing, a large amount of the PCBM in BC films is pushed out of the π−π interlayers, as evidenced by a sizable shift toward high Q for the (010) π-stacking peak. This (010) shift upon annealing does not occur with the SqP films. But perhaps more importantly, thermal annealing causes the crystallinity of both the HR and LR P3HT batches to increase when the film is prepared via BC. This provides one reason why the BC devices made from HR P3HT show superior performance compared to those made via SqP.
Another factor that could contribute to the change in device performance with regioregularity is the shape of the polymer crystallites. The widths of the (200) and (010) peaks indicate that the length of the HR P3HT crystallites are shorter than those of the LR P3HT in the (200) direction but longer in the (010) direction. Since the charge carrier transport in the π−π direction is important to the mobility of holes in OPV devices, 88 one might expect hole extraction in HR P3HT active layers to be more efficient than that in LR P3HT samples. Since the hole mobility in P3HT:PCBM blend films is typically lower than the electron mobility, 91 the HR P3HT provides a better mobility-matched active layer and therefore a device with higher fill factor 92 than the LR P3HT BC device, as seen in Figure 1 .
2.3. Fullerene Diffraction in SqP and BC Samples. In addition to the changes in the crystallinity of the different batches of P3HT, Figure 6 also shows that thermal annealing leads to changes in the crystallinity of the PCBM. For example, the PCBM diffraction (at q ≈ 1.4 Å −1 ) in the LR P3HT SqP film shows a significant increase in intensity upon thermal annealing, but the peak remains broad. This is consistent with the formation of many small PCBM crystallites upon thermally annealing SqP LR P3HT films. In contrast, thermal annealing dramatically sharpens the PCBM peaks in the SqP films made with HR P3HT. This indicates that, in highly crystalline P3HT, there are too few amorphous regions in which the PCBM can mix with the polymer, so that annealing forces the fullerenes to crystallize into fewer, but significantly larger, domains that are not consistent with an ideal BHJ architecture. These large domains may be accompanied by isolated fullerenes at grain boundaries, but those isolated fullerenes do not diffract and do not create effective conductive paths for photogenerated electrons. This hypothesis is supported by optical images, shown in the SI, which reveal that, after thermal annealing, there is optically visible phase separation of the PCBM in the HR P3HT film.
All of these results make sense in the context of two ideas: first, that PCBM is miscible and mobile only in the amorphous regions of P3HT films, 40,42,89,93−96 and second, that P3HT only fully crystallizes in the absence of PCBM. The LR P3HT clearly possesses more amorphous regions as-cast, so in SqP films, there is ample opportunity for thermal annealing to cause PCBM to diffuse into the polymer underlayer and form semicrystalline aggregates, as well as for some of the previously amorphous P3HT regions to crystallize. In highly crystalline ascast polymers, on the other hand, there are almost no suitable amorphous spaces available for PCBM incorporation in SqP devices, so the polymer must partially disorder to make room for fullerene incorporation. Even with this disordering, the majority of the fullerene is still forced to aggregate into large, highly crystalline domains because it cannot mix into the already-crystalline regions of the polymer. In the case of BC films, the high propensity of the polymer to crystallize is important to help drive the phase separation of the polymer and the fullerene. In low regioregularity polymers, the P3HT cannot phase separate as easily, so an ideal interpenetrating BHJ network cannot be formed. IV. CONCLUSIONS In summary, we have found that the effects of changing polymer regioregularity and thus crystallinity on active layer morphology and the photovoltaic device performance differ dramatically based on how the active layer is formed. PCBM disperses only into the amorphous regions after sequential processing onto P3HT films, so that controlling the amount of the amorphous phase has a direct impact on the subsequent device performance. SqP of P3HT with too high a polymer regioregularity results in highly crystalline films into which fullerenes cannot easily incorporate even after thermal annealing, leading to unfavorably large scale polymer/fullerene phase separation. SqP films made from P3HT with lower regioregularity possess more amorphous regions, which leads to a better polymer/fullerene network and thus more efficient solar cells. The effect of polymer crystallinity is reversed, however, if the active layer is fabricated through the traditional blend-cast method. The presence of PCBM in the mixed solution prevents P3HT from forming a highly crystalline network. Therefore, more highly regioregular P3HT is favorable because of its stronger propensity to crystallize.
This work has revealed a fundamental mechanism difference for the formation of BHJ active layer morphology between SqP and BC. All of the structural and device performance data show that SqP and BC do not produce films with the same polymer/ fullerene morphology and that different materials parameters affect the film morphology in different ways for the two processing methods. This suggests that the two processing techniques are complementary and that the appropriate choice of which processing method to use to achieve high efficiency solar cells depends on the details of the particular batch of polymer and fullerene being used.
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